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a  b  s  t  r  a  c  t
The  Iberian  sardine  (Sardina  pilchardus)  is a traditional  ﬁshery  in western  Iberia  that  is economically
important  in  Portugal  and  in  Galicia  (NW  Spain).  The  International  Council  for the  Exploration  of  the  Seas
(ICES)  advice  for  the  sardine  in regions  VIII  and  IXa  in  2013  indicated  that  the  biomass  has  decreased  since
2006  and  recruitment  has  been  below  the  long  term average  since  2005.  Recruitment  is very variable,  so  it
is important  to  understand  the  underlying  processes  driving  this  variation  in order  to  manage  the  ﬁshery
effectively.  In this  study,  a biophysical  model  was used  to simulate  the  early  life  (egg and larval)  stages
of sardine.  A high  resolution  hydrodynamic  model  for North  and  Northwest  Iberia  was  used  to force  a
Lagrangian  Individually-Based  Model  (IBM)  that  simulated  advection  and  dispersion  (both  horizontaliophysical model
ndividual based model
ecruitment
tlanto-Iberian sardine stock
and  vertical)  and included  some  biological  behaviour.  A Lower  Trophic  Level  (LTL)  model  coupled  to the
hydrodynamic  model  was  also  used  to get  some  insight  on  recruitment  for years  2006–2007.  Additionally,
since  in  this  area  there  are  two  different  spawning  grounds  that  could  be associated  with  two  eventually
different  populations,  we  have  tried  to  show  how  the  model  can  be  used  for  giving insight  on stock
connectivity  and  therefore  can  contribute  to stock  delineation.
ublis©  2015  The  Authors.  P
. Introduction
Fisheries assessment and management requires environmental
nd ecosystem knowledge and information about the areas where
tocks of economical importance are exploited. Understanding the
ariability of oceanographic and plankton conditions is important
or the characterization of habitats of pelagic and demersal ﬁshes.
owever, understanding the link between ﬁsheries and environ-
ental variability is a signiﬁcant challenge and can impact on key
tages including spawning, larval stages and recruitment, i.e. the
ppearance of a new generation of individuals in a ﬁsh stock. The
se of Lagrangian models to simulate eggs and larvae as particles
volving in a 3D environment characterised by a biophysical model
as become a established tool in the last decades (e.g. Hinckley
t al., 1996; Werner et al., 1996; Mullon et al., 2003). Early life
tages (ELS) models can serve as a tool for exploring recruitment as
ell as dispersal and migration pathways and, thus, connectivity
f populations.
The Iberian sardine (Sardina pilchardus)  is a target species
or ﬁsheries in western Iberia that is economically important in
∗ Corresponding author.
E-mail address: manuel.ruiz@co.ieo.es (M. Ruiz-Villarreal).
1 Present address: CEFAS, Pakeﬁeld Road, Lowestoft, Suffolk NR33 0HT, UK..
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.0/).hed  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Portugal and, to a lesser extent, in Galicia (NW Spain) (Santos et al.,
2011). The International Council for the Exploration of the Seas
(ICES) treats sardine stock in the Atlantic waters of the Iberian
Peninsula as a single stock for management purposes. The stock
area includes ICES sub-areas VIIIc and IXa that range from the Gulf
of Cadiz along western and northern Portugal to Galicia and the
southern Bay of Biscay (Cantabrian Sea). Spawning of the Atlantic
Iberian sardine occurs in two  main areas: the Cantabrian Sea and
the western Portuguese shelf between the Nazare Canyon and
the Minho river. Spawning is restricted to the shelf and occurs
at water temperatures between 12 and 17 ◦C (Bernal et al., 2007).
The spawning season varies geographically: in the western Iberian
coast it spans between September and May, peaking in November,
whereas in the Cantabrian Sea, it takes place in spring, peaking in
April. The landings in these areas show large interannual variability,
with captures peaking in the periods 1941–1945, 1960–1967 and
1980–1985 (Carrera and Porteiro, 2003; ICES, 2014) and catches
declining from 1985 to the lowest observed levels in recent years.
Recruitment also varied signiﬁcantly among years, but high recruit-
ment in 2000 and 2004 has not lead to a recovery of the stock (ICES,
2014). Several studies have tried to link environmental variability
with sardine abundance and recruitment, but no direct relation-
ship to environmental parameters has been derived (see Santos
et al., 2011 for a general review). Carrera and Porteiro (2003) put
forth that the Iberian sardine is a single stock, although spawning
 under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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Fig. 1. ICES areas considered in the present study. The ﬁgure also presents three
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mections that have been used in the modelling experiments explained in Section
.5.1.
ccurs in two  different locations. In this sense, the Iberian Atlantic
ardine could be considered as metapopulation, regional group of
ocal populations with asyncronous internal dynamics but linked
ith sufﬁcient gene ﬂow to establish demographic connectivity.
his metapopulation hypothesis was used by Carrera and Porteiro
2003) to explain the collapse of the sardine ﬁshery in the 1990s.
ow recruitments in the 1990s caused the contraction of sardine
opulations to the spawning areas and restricted connectivity.
In this study, a biophysical individual-based model (IBM) was
eveloped for simulating ELS of sardine in divisions IXa and VIIIA
see Fig. 1). We  have beneﬁted from the availability of a physi-
al model, which has been adapted by the modelling group of the
nstituto Espan˜ol de Oceanografía (IEO) to the Iberian Atlantic shelf
nd slope in the last years for simulating hydrodynamical variabil-
ty at scales relevant for assessing the effect of the environment
n early life stages. The model conﬁguration focuses on high res-
lution shelf and slope processes (upwelling, river plumes, slope
urrents, etc.) and adequately accounts for the variability of these
rocesses in response to wind events and tidal variability (Otero
t al., 2008, 2013; Otero and Ruiz-Villarreal, 2008; Marta-Almeida
t al., 2013). The model domain extends from Lisbon to the south-
rn Bay of Biscay comprising the central north and north area of IXa
nd VIIIc. A Lagrangian model to simulate Early Life Stages (ELS) of
ardine is presented in this manuscript. The ELS model is an ad hoc
odiﬁed version of the Lagrangian software Ichthyop (Lett et al.,
008) which was coupled ofﬂine with our 3D hydrodynamic model.
e have adapted the biological behavior in the ELS IBM model to
escribe ELS in sardine following the development performed by
spina-Álvarez et al. (2012) and Catalán et al. (2013) for anchovy in
he Mediterranean Sea. A simple coupling to a Lower Trophic Level
LTL) model was also included in order to impose food limitation
o the growth of sardine late larval stages. The interaction between
he ELS and the environment is simulated for a period ranging from
utumn 2006 to autumn 2007, thus covering the spawning peaks
f sardine both in the Iberian Atlantic coast and the Cantabrian Sea.
he coupled ELS/biophysical model is used in this study with two
ain objectives:esearch 173 (2016) 250–272 251
1. Exploring the potential environmental mechanisms driving
recruitment, focusing on the inﬂuence of the environment on
the Atlanto Iberian sardine recruitment failure of year 2007 (see
ICES WGHANSA 2012).
2. Discussing how the biophysical model can be used for studying
dispersal and migration pathways and therefore for assessing the
connectivity of sardine populations in the Ibero-Atlantic stock.
2. Materials and methods
2.1. The modelled ELS
The Lagrangian simulations used in this study focus on the egg
and larvae ELS. In particular, larvae are followed until they reach a
length of approximately 25 mm (around 40 days after spawning).
According to Silva et al. (2014), from the age of 20–25 days after
hatching, sardine larvae swimming capabilities start to develop
and continue increasing with age and length. Around metamorpho-
sis (especially from 45 days after hatching onwards), larvae spend
most of the time swimming and are able to resist the mean current
speeds. In this sense, we considered that 40 days after spawning
(approximately 37 days after hatching) most sardine larvae would
have improved the ability to swim and hence, to resist the mean
currents, thus increasing their chances for survival. Therefore, we
assumed that survival after 40 days can be a good indicator of
recruitment.
Although late larvae, deﬁned here as larvae whose length is
larger than 25 mm,  and early juveniles are not considered in the
Lagrangian simulations, an analysis of the environmental con-
ditions that would affect these stages is also included in the
discussion. In summary, the ELS were divided in three periods
(enumerated below) in order to analyze the suitability of the envi-
ronmental conditions for survival according to existing recruitment
hypothesis for the Atlanto-Iberian sardine in the literature:
1. Spawning period: eggs and yolk-sac larvae.
2. Early feeding larvae (from hatching to 25 mm length).
3. Late feeding larvae (larger than 25 mm)  and ﬁrst juveniles.
2.2. The superindividual approach
An Individual-Based model (IBM, DeAngelis and Mooij, 2005)
was developed where each Lagrangian particle represented an early
life stage of sardine which is characterized by its location (lon-
gitude, latitude and depth), stage (egg, yolk-sac larva or feeding
larva), length and life status (alive or dead). The number of indi-
viduals that could be simulated is limited by computational power
and it was not possible to simulate every egg, so individuals were
grouped into one “superindividual” whose characteristics were
kept homogeneous (Scheffer et al., 1995).
The physical and biological processes impacting superindividu-
als modelled were dependent on the development stage and size
(see Table 1).
The mortality of ELS was done a posteriori during the post-
processing of model outputs. This was because tracking of the
number of individuals that each superindividual represents was
not possible within Ichthyop.
2.3. Physical processes
Particle passive movement depends on the advective and dis-
persive processes that act on all stages. A full description of
advection and dispersion in Ichthyop can be found in Lett et al.
(2008) so are not described further here. Advection and dispersion
were calculated from three dimensional horizontal and vertical
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Table 1
Processes per stage implemented in Ichthyop.
Egg
(<2.8 mm)
Yolk-sac larva
(2.8–4.5 mm)
Feeding larva
(>4.5 mm)
Physical processes
Horizontal advection × × ×
Vertical advection × × ×
Horizontal dispersion × × ×
Vertical dispersion × × ×
Biological processes
Temperature dependent development/growth × ×
Food limitation (LTL model) ×
v
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elocity ﬁelds (u, v and w) and the vertical dispersion coefﬁcient
Akv). These were obtained from a conﬁguration for West and North
beria of the 3D free-surface, hydrostatic, primitive equation ocean
odel ROMS Rutgers version 3.5 (Shchepetkin and McWilliams,
005). The Ichthyop code was updated to properly account for the
hysical process of vertical dispersion, which is not included in the
tandard version. The vertical dispersion subroutine was  revised
ollowing Ross and Sharples (2004) and North et al. (2006) check-
ng that Well Mixed Condition (see Brickman and Smith, 2002) was
eriﬁed and making it operative by paralellizing the code. This is
 major improvement compared with published ELS studies with
chthyop that have not considered vertical diffusion.
Although online Lagrangian models are more accurate than
fﬂine Lagrangian models, the latter provide the opportunity to
se existing hydrodynamic simulations to carry out particle track-
ng with reasonable computational costs. However, care must be
aken when using existing hydrodynamic ﬁelds, since the output
requency strongly inﬂuences particle trajectories. In our simula-
ions, we identiﬁed that 1 hour outputs resolves tidal and inertial
ariability and was sufﬁcient to avoid particles to diverge from
heir expected particle trajectories. The physical model has been
pplied to the study area and reproduced the main oceanographic
eatures including variability of shelf and slope circulation, river
lumes, and upwelling (e.g. Otero et al., 2008, 2013; Otero and
uiz-Villarreal, 2008; Marta-Almeida et al., 2013). A brief summary
f the physical model is provided below. The hydrodynamic model
esolution is 1/25◦ in the horizontal (∼3.5 km)  and has 30 verti-
al sigma layers. Realistic atmospheric forcing is obtained from
 WRF  (http://www.wrf-model.org) hindcast with spatial resolu-
ion of 30 km and temporal resolution of 1 h which is provided
y the regional meteorological agency Meteogalicia (http://www.
eteogalicia.es). In order to reproduce the river plume dynamics in
he area and their effect on biology, daily river run-off from 26 rivers
s introduced following the methodology in Otero et al. (2010). Ini-
ial conditions and forcing at the open boundaries for 2006 and
007 were obtained from the large scale model MERCATOR in its
SY2V2 version, which provides operational forecasts for the North
tlantic at a horizontal resolution of 1/15◦ (5–7 km)  and 43 vertical
evels. MERCATOR PSY2V2 assimilates Sea Level Anomalies (SLA),
ea Surface Temperature (SST) and temperature and sality in situ
roﬁles. Horizontal velocity, salinity, temperature and Sea Surface
eight (SSH) ﬁelds are provided at a resolution of 1/6◦ every day.
hese ﬁelds are imposed at the model boundaries by following the
ethod described in Marchesiello et al. (2001). Tide is imposed
sing Flather conditions for the barotropic mode.
.4. Biological processesThis section describes the biological processes that have been
ncluded in this study. Two groups can be identiﬁed depending on
he modelling approach: online within Ichthyop (Table 1); or during
ost-processing of simulation outputs.×
×
2.4.1. Biological processes running online with Ichthyop
Egg development stage. Sardine eggs pass through eleven stages
(I–XI) that differ in duration depending on temperature. A func-
tion to calculate each egg stage duration from temperature (Regner,
1985) for anchovy in the Adriatic sea was  adapted to obtain the
whole egg stage duration (D, in hours):
D = AT−b, (1)
where T is the temperature and A and b coefﬁcients that were esti-
mated to be 5389.61 and 1.59, respectively, using data from Bernal
et al. (2008).
At each time step, the calculated duration was different as
the particle moves and experiences different temperatures. In this
sense, it was  more useful to track the proportion of the total egg
duration Pd(t), using the following equation:
where t0 is the initial time (spawning time) and dt is the Lagrangian
model time step in hours. Hatching, that determines the transition
from egg stage to yolk-sac larva, occurs when Pd = 1.
Egg buoyancy.  The buoyancy of eggs changes during develop-
ment and determines the position in the water column and, hence,
the rate of transport. For this reason, it was very important to
account for the variation of egg density along development in the
model. The density of sardine eggs remains almost constant until
the ﬁnal stages where density increases markedly (Coombs et al.,
1985, 2004).
To model egg density, a polynomial curve was  ﬁtted to exist-
ing experimental data (Coombs et al., 1985, 2004). Experimental
measurements of egg density only start several hours after spawn-
ing, so an assumption had to be made for early egg density. The
density at spawning was estimated from the mean egg buoyancy
over the ﬁrst 10 and 5 hours of development for the summer and
autumn curves, respectively, for Coombs et al. (1985) data. The den-
sity at spawning of the Coombs et al. (2004) data was  obtained by
averaging the density data in the ﬁrst 20 hours of development.
Information on the sampling dates is presented alongside corre-
sponding environmental conditions (sea surface salinity (SSS) and
sea surface temperature (SST)) in Table 2.
Fig. 2 shows the three egg density curves with similar ﬁts
for summer density despite being collected from two different
areas (Plymouth and the Bay of Biscay, see Table 2). The displace-
ment of the Plymouth curve at higher densities was related to the
higher environmental salinities (Table 2). Indeed, data prove that
there exists a positive correlation between mean egg density and
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Table  2
Egg density data characteristics and environmental conditions (sea surface salinity-SSS and sea surface temperature-SST).
Coombs et al. (1985) Coombs et al. (2004)
Summer Autumn Summer
Dates 22 April–16 September (1981–1983) 29 September–4 December (1981–1983) 14–17 May  2001
Location Plymouth Plymouth ◦ ◦
SSS  34.7 35.15 
SST  15 ◦C 15 ◦C
0 10 20 30 40 50 60 70 80
22
24
26
28
30
32
34
36
Hours from spawning
σ
t
Data from Coombs 1985 and 2004
Coombs 2004 (summer BoB)
Cooms 1985 (summer Plymouth)
Coombs 1985 (autumn Plymouth)
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tig. 2. Sardine egg t density anomaly as a function of egg age (curves obtained
y ﬁtting data from Coombs et al., 1985 and Coombs et al., 2004). In this case, t is
eﬁned as the egg density minus 1000 kg/m3.
SS/water column density for small pelagic ﬁsh (see Goarant et al.,
007 for anchovy and Fig. 3, based on the French Pelgas cruise data
rom 2008 to 2012, for sardine). This is related to the fact that eggs
re permeable and hence, the recent osmotic environment of the
re-spawning females affect egg density (Solemdal, 1973).
The curve corresponding to the autumn data (see green line in
ig. 2) was completely different from the others, and this disagree-
ent could not be attributed to the environment salinity, since it
nly differred in 0.4 from the summer curve in the same location.
oreover, the salinity of the summer data in the Bay of Biscay
as much lower, but the egg density was very similar. Coombs
t al. (1985) suggested that these differences could potentially
e attributed to different sardine populations or physiological
32.5 33 33.5 34 34.5 35 35.5 36
23
23.5
24
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y=0.66504*x+1.5301
R2=0.57404
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A)
ig. 3. (A) Correlation between sea surface salinity (SSS) and sardine egg density and (B)
he  densities are given as anomalies, this is, the real density minus 1000 kg/m3. Bay of Biscay (43.5 N; 1.8 W)
32.9
15.1 ◦C
adaptations, but further studies are required to elucidate if there
exist real differences between the autumn and summer popula-
tions. As a result, the summer curve alone was used in the model
for both the autumn and summer spawners as it was consistent
across regions.
However, this density curve is still speciﬁc of the particular envi-
ronmental conditions that affected the development of the eggs
employed by Coombs in his studies, with the potential for different
shapes of curves if development was  faster. In order to adapt the egg
density curve in Fig. 2 to a more general set of conditions normaliza-
tion of both density and time was applied using the methodology of
Ospina-Álvarez et al. (2012). Normalization in time was done using
the proportion of egg duration (Pd, Pd = DevRat in Ospina-Álvarez
et al., 2012 notation) and in density by maintaining the curve shape.
A ﬁfth degree polynomial was  ﬁtted to the normalized values,
and the following normalized density curve was  obtained:
n(t) = −12.1166 ∗ Pd(t)5 + 40.5289 ∗ Pd(t)4 − 41.1312 ∗ Pd(t)3
+ 15.5070 ∗ Pd(t)2 − 1.8528 ∗ Pd(t) + 0.0012. (4)
The egg density as a function of the proportion of egg duration
(Pd) was calculated from n(t) as
h(t) = (n(t)) ∗ ( ˆh(hatching) − ˆh(spawning)) + sp, (5)
where ˆh(hatching) and ˆh(spawning)  are the egg densities at
hatching and spawning, respectively, read from the summer curves
in Fig. 2. The value of ( ˆh(hatching) − ˆh(spawning)) should be
approximately the same in all the areas for which equation (5) is
going to be used, so the curve shape must be the same. For this par-
ticular study this condition was  guaranteed, being ( ˆh(hatching) −
ˆh(spawning)) = 3.58. Finally, sp was the egg density at spawn-
ing and was estimated from the water density using the equation
ﬁtting in Fig. 3B.
Larval growth. Larval growth was deﬁned as the increase in
length and was modelled based on the larval stage.
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Table 3
Weighted mean depth (WMD)  for sardine larvae at day and night.
4–6 mm 6–8 mm 8–10 mm 10–12 mm54 L.M. García-García et al. / Fish
Yolk-sac larvae do not feed from the external environment,
ence growth is considered to be a linear function of temperature.
q. (1b) in Lett et al. (2008) was adapted for the sardine as follows
(t) = 10−5 + 0.0308T(t). (6)
 small value was selected for the intercept and the slope was
hosen based on the anchovy in the Southern Benguela upwelling
ystem (see Lett et al., 2008).
Yolk is absorbed when larvae reach approximately 4.5 mm
n length (http://www.astrosurf.com/re/otolith research portugal.
df), and at this stage larvae become autonomous and must feed.
ardine larvae mostly feed on zooplankton (e.g. copepod stages –
unuera-Fernandez and Gonzalez-Quiros, 2006; Voss et al., 2009;
orote et al., 2010), so larval growth is dependent on zooplankton
vailability.
The function used to account for the growth of the self feeding
arvae is a modiﬁcation that adds a Food Limitation Factor (FLF) to
q. (6):
(t) = (10−5 + 0.0308T(t)) × FLF, (7)
ith FLF being the Michaelis-Menten equation,
LF = a + Zmax
Zmax
(
Z(t)
a + Z(t)
)
. (8)
here Z(t) is the concentration of zooplankton at the position of
he particle at time t, Zmax is the maximum available concentration
f zooplankton, and a is the half saturation concentration, whose
alue for sardine has been reported to be 0.1 mg/m3 (see Santos
t al., 2005). The term FLF ranges between 0 and 1: when Z(t) = Zmax,
LF=1 and FLF=0 when Z(t) = 0.
Eq. (8) shows the coupling of the IBM to the LTL model. The
TL model was the nitrogen based Fasham biogeochemical model
Fennel et al., 2006) that was coupled to the IBM (Eq. (8)). It com-
rised seven state variables: one phytoplankton, one zooplankton,
wo detritus (small and large) and one phytoplankton chlorophyll
roup, along with two nutrients (nitrate and ammonium). Param-
ters were selected to be characteristic of plankton at the spring
loom, with the Chaetoceros socialis used, as this is the most abun-
ant diatom at the beginning of the spring bloom in the area (Bode
t al., 1996; Bode and Varela, 1998).
The LTL model conﬁguration and its validation are discussed
n depth in García-García and Ruiz-Villarreal (in preparation). LTL
odel skill and validation at different scales are discussed in Sec-
ion 3.2 where model results are compared with Chlorophyll and
ooplankton data from the IEO PELACUS cruises, carried out each
ear by the IEO with the purpose of performing a systematic char-
cterization of the pelagic ecosystem (hydrography, plankton, ﬁsh)
nd an assessment of the principal pelagic species (Bode et al.,
996).
Sardine larvae are size-selective feeders, but the LTL model only
ncludes a single functional group of zooplankton and is used in Eq.
8). This is likely to overestimate the food availability, leading to a
igher FLF than it would be expected in reality. Despite this, Eq. (8)
as still a more realistic approach to larval growth than Eq. (6) that
epresents the growth with no food limitation.
C. Larval vertical migration.  Information on the vertical dis-
ribution of sardine larvae is scarce, although Filet carré and/or
ultinet data corresponding to several years are available in Ifre-
er  from the PELGAS (PELagic GAScogne) surveys. PELGAS surveys
re carried out every spring in the Bay of Biscay with the objec-
ive of monitoring the pelagic ﬁsh ecosystem. Anchovy is the target
pecies, although data for other species, such as sardine, is also
athered in the framework of the Ifremer program on data col-
ection for monitoring and management of ﬁsheries following an
cosystem approach (see Doray et al., 2014).Day 13.50 m 8.43 m 8.06 m 8.49 m
Night 11.89 m 8.92 m 8.26 m 7.56 m
Sardine larvae vertical migration patterns were difﬁcult to char-
acterise from existing literature. Spring sampling from western
Iberia found that most of the sardine larvae were in the upper
20 m of the water column (Santos et al., 2006). Bigger larvae were
more common at the surface and smaller larvae were more com-
mon  deeper, and there was  diurnal migration with larvae deeper
during the day move to the surface at night. Similar diel migra-
tion patterns have been found in western Iberia (Garrido et al.,
2009). Sardine larvae were located deeper during the day (between
20 and 35 m),  and more homogeneously distributed in the water
column during the night, being more abundant at the surface in
the Canary-African coastal transition zone (Rodriguez et al., 2006).
Olivar et al. (2001) describes a completely opposite diel migration
behavior of sardine in the NW Mediterranean on the basis of sam-
ples collected in winter close to the Ebro delta. Larvae were mostly
found in the upper 50 m of the water column. During the day, the
highest concentrations were mainly found between 10 and 30 m,
whereas during the night they presented a broader distribution and
a deeper peak. By analyzing the vertical migration patterns by size,
it was  found that the larger larvae (larger than 8 mm)  were mostly
found below 35 m depth at night. More or less in the same area
(NW Mediterranean) and in the same period, but with a different
strategy of sampling, Sabates (2004) found out that sardine lar-
vae were mainly distributed between the surface and 80 m depth,
although the greatest abundance was found between 10 and 30 m
depth, both at day and at night. By considering two different size
classes of – larvae <10 mm and >10 mm – he distinguishes two dif-
ferent vertical migration behaviours: the smaller larvae are found
mainly in the upper 30 m of the water column both at day and at
night, and the bigger larvae present a higher dispersion in the water
column both at day and night. Finally, he also points out that the lar-
vae of most species, specially in mesopelagic ﬁsh, tend to be more
distributed to the surface during the day than during the night.
Due to the lack of agreement among the different literature
sources, the PELGAS 2008–2012 data was  selected as the most
relevant to model the distribution of larvae in the water column
(Fig. 4A). Here, most larvae were found in the top 10 m during the
day and were more evenly distributed throughout the top 20 m
of the water column peaking at around 10 m at night. This ﬁts
with observations in the NW Mediterranean sea (see Olivar et al.,
2001; Sabates, 2004). In order to gain a better understanding on
the sardine larvae migration patterns by size, the weighted mean
depth (WMD)  for day and night was calculated from the vertical
distribution proﬁles (Fig. 4B–E) using the following equations:
WMD  =
∑N
i=1CiZi∑N
i=1Zi
, (9)
with Ci representing the mean concentration of larvae at the ith
segment in which the vertical proﬁle was divided, i = 1, . . .,  N, and
Zi the mean depth at that segment (Gronkjaer and Wieland, 1997).
The results for the different size classes are shown in Table 3
and are used to derive the following behaviour for sardine larvae:• Larvae smaller than 4.5 mm still have a yolk-sac larvae and do not
migrate, so were treated as passive particles.
• Larvae between 4.5 mm  and 6 mm had a preferred depth at night
of 12 m and 13.5 m during the day.
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dig. 4. Vertical distribution of sardine larvae: (A) all data, (B) 4–6 mm length, (C) 6–8
f  larvae at each depth that belong to a certain size range.
Larvae larger than (6 mm)  were at 8 m depth both at day and
night, representing the average depth in Table 3.
.4.2. Ofﬂine biological processes
Egg mortality. Egg mortality is computed at the individual, not
t the superindividual level. For this reason, it cannot be directly
mplemented in Ichthyop, which deals with superindividuals, and
ence it is not included in Table 1. Egg mortality is calculated as a
art of the post-processing of the results.
If we denote by n(t) the number of individuals in a superindi-
idual, it holds that
dn(t)
dt
= −M n(t), (10)
ith M the egg mortality, taking values between 0.014 and
.020 hour−1 (Miguel Bernal, unpublished data). In this paper we
ave considered M to be 0.02 hour−1, meaning that only 24% of the
ggs would survive after three days.
Larval mortality. A recent literature review compiles the dif-
erent approaches employed to simulate larval mortality (Gallego
t al., 2012). For instance, in a study focused in Portuguese waters
Silva et al., 2014) sardine larvae mortality is modelled as a function
f age and temperature.
In the present study we will apply a very simple approach to
ive some hints on the survival of sardine larvae. Since one of the
utputs of the model is the length at age, we will compare the
ength of the particles at the end of the simulation (40 days after
pawning) with existing information in the literature. If the calcu-
ated length is smaller than the expected one at the same age, then
e will assume that larvae have suffered starvation. Indeed, there
xist publications that provide tables showing the duration (age) of
n speciﬁc ELS associated with its length. For instance, Silva et al.
2014) considered the larval length as a function of age for Sardinops
agax reported by Lo et al. (1995). We  will rely on Ré (2006)’s age at
ength tables for sardine obtained from his studies on larval otolith
icrostructures in Portugal. Estimations of length at age from sar-
ine larvae artiﬁcially grown in the laboratory were published by
oyano et al. (2014) who provide lower values of length at age
10–15 mm at 30 days in Moyano, and 20 mm in Ré). Since Ré’s val-
es are obtained from ﬁeld larvae, we will use these values in this
iscussion.Fig. 5. Sardine spawning grounds in the model based on Bernal et al. (2007). The
200 (in blue), 1000 and 2000 isobath are included.
2.5. Characterization of sardine spawning conditions on the
Iberian shelves
2.5.1. Space characterization of sardine spawning
Horizontal domain. By analyzing sardine egg concentration data
(number of eggs per m2 sea surface area) obtained from ichthy-
oplankton surveys ranging from 1985 to 2005, Bernal et al. (2007)
concluded that sardine mainly spawns on the shelf covering an
almost continuous geographical area that spans from the Strait of
Gibraltar to the Armorican shelf. There are certain zones in which
persistent gaps on the egg presence time series occur, being the
north west corner of the Iberian Peninsula, just in front of the Gali-
cian rias, among them. Three different spawning areas were deﬁned
for the Iberian sardine stock: the Gulf of Cádiz, the Portuguese coast
and the Cantabrian coast. However, recruitment is known to occur
only in two areas: the Gulf of Cádiz and Northern Portugal, being
characterized by different recruitment pulses in some years.
In this study we  will mainly focus on the Portuguese and
Cantabrian spawning grounds, considering the average egg dis-
tribution found by Bernal et al. (2007) (see Fig. 5). In this sense,
particles are released on the shelf (maximum depth 150 m, being
the blue line in Fig. 5 the 200 m isobath) with increasing concen-
tration towards the coast.
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Spawning depth. Extracting a reliable and unique conclusion on
ardine spawning depth from the literature is a difﬁcult task. Most
f the egg vertical proﬁles in the area were obtained during the
rench PELGAS surveys that take place during the spring spawning
eason. All these proﬁles (see Coombs et al., 1985, 2004) show that
he eggs are mostly found in the ﬁrst 10–20/30 m of the water col-
mn. Analysis on the different egg stages do not report signiﬁcant
ifferences between the early and the late stages that could suggest
hat spawning occurred at deeper layers.
Some autumn/winter proﬁles are available in Plymouth (see
oombs et al., 1985) in which eggs are more homogeneously dis-
ributed in the water column as a consequence of a higher mixing
nduced by turbulence. Under these conditions (mixing is the dom-
nant process in the vertical), spawning may  take place in a wider
ertical range. Evidences of this fact have been shown for E. encra-
icolus in the Bay of Biscay (Motos and Coombs, 2000) and also for
ardine in the Mediterranean sea (Olivar et al., 2001).
Based on acoustic surveys for ﬁsh and not on egg proﬁles
btained during the autumn spawning peak, Zwolinski et al. (2006)
oncluded that sardine spawns at the ﬁrst bottom third of the water
olumn, and that it would take some hours for the eggs to ascend
o the upper parts of the water column and attain vertical stability.
The comments above suggest a different spawning behaviour
epending on the moment at which spawning occurs. It would be
eeper in autumn/winter when mixing is more intense and surﬁ-
ial when stratiﬁcation starts to be important. Differences between
he characteristics of the spring and autumn eggs were already
videnced by Coombs et al. (1985) and mentioned in Section 2.4.1
fter observing the egg density curves in Plymouth (see Fig. 2).
lthough some hypothesis on the existence of different races of
he same sardine species that could have genetically incorporated
ertain adaptations to the regional conditions are postulated by
oombs et al. (1985) and other authors, they are not supported by
trong evidences. Therefore, we have decided to do some model-
ng experiments to determine the spawning depth that best ﬁts the
bservations published in the literature.
The experiments consisted of analyzing the vertical distribution
f eggs initially released at the surface and also at the bottom of
he water column only one day after spawning. Three sections of
he inner shelf were selected to carry out this study (see Fig. 1). In
he Galician section particles were released the 27th of November
006, during the autumn spawning peak. The release date for the
antabrian Sea and French sections was the 15th of April 2007,
oinciding with the spring spawning peak.
Only physical and biological processes that affect the vertical
istribution of eggs were accounted for. This is, vertical dispersion
nd variable egg buoyancy along development (see Section 2.4.1).
 number of 20,000 particles following a random uniform distribu-
ion in a layer of 20 m located either at the surface or at the bottom
ere considered.
From the results of these experiments (see Section 3.1) we  con-
luded that if bottom spawning occurred, we would have examples
n the data of vertical egg proﬁles in which signiﬁcant concentra-
ions of eggs were found close to bottom. However, all the available
pring proﬁles and the literature agree in the fact that most of the
ggs are found in the ﬁrst meters of the water column. In this sense,
e concluded that surface spawning would be the most adequate
hoice to match the observations both during winter and spring.
.5.2. Time characterization of sardine spawning
As explained in the introduction, the Atlanto-Iberian stock of
ardine is characterized by two different spawning periods. Fig. 6
hows the probability of egg presence in the Atlantic coast of Iberia
red line) and the Cantabrian Sea (blue line) obtained from Figure
 of Stratoudakis et al. (2007). Notice that the time axis in Fig. 6
as been particularized for years 2006 and 2007. It can be seen thatesearch 173 (2016) 250–272
the spawning period in West Iberia is wider and peaks between
November and January/February, whereas in the Cantabrian Sea,
spawning occurs mainly in spring, peaking in April.
On the basis of this data, the selected modeling period ranged
from November 1st, 2006 to June 1st, 2007, thus comprising both
the autumn/winter and spring spawning peaks.
2.5.3. Number of individuals per superindividual
The estimated sardine egg production at the spawning peak is
around 7.5 × 1012 eggs/m2/day (from Bernal et al., 2011). It is a
huge number of individuals that, as it was mentioned in Section
2.2, cannot be followed one by one in a Lagrangian model due
to computational restrictions. If we  call Npart the number of par-
ticles (super-individuals) in the Lagrangian model, A the area of the
region where the particles are released, P(t) the spawning probabil-
ity curve, and Negg the maximum egg production per unit area, the
number of individuals per superindividual at a certain spawning
date can be calculated according to the formula
n(t) = A × Negg × P(t)
Npart
. (11)
In the model, a total number of 52,750 particles were
released: 24,950 in the western spawning ground over an area of
10,730.61 km2 and 27,800 in the northern spawning ground over an
area of 10,238.55 km2. By considering all these data together with
the spawning probability curves for the different spawning areas
in Fig. 6, we obtained the curves that represent the evolution of the
number of individuals per super-individual in the study period (see
Fig. 7).
Knowing the number of eggs at spawning and the egg mortality
function (Eq. (10)), it is possible to calculate the number of eggs
at hatching. In the same way, if a mortality function for the larvae
stage was  available, we would be able to obtain the number of lar-
vae that survive to the juvenile stage and, hence, the number of
recruits that are incorporated into the population.
2.6. Lagrangian simulation period
Taking into account all the information in the previous sections,
the Lagrangian simulations were designed as follows: the simu-
lation period ranges from the 1st of November 2006 to the 1st
of June 2007. Particles are released every week, starting the 1st
of November 2006, at 20 h in order to simulate spawning at dusk
(Zwolinski et al., 2001; ICES, 2004). A frequency of one week release
has been chosen as a compromise between an affordable computa-
tional time for the study and a good temporal coverage that allows
to capture the variability of the environmental conditions at time
scales of several days.
Each release constitutes an independent simulation in which
particles (eggs/larvae) are tracked for 40 days. It must also be
mentioned that no separate simulations were done for the two
considered spawning grounds (see Fig. 5). All the particles were
released at the same time, but the posterior analysis was  focused
on the relevant spawning periods (see Fig. 6).
2.7. The dispersal Kernel
Depending on the purpose of the study, the results of a
Lagrangian simulation can be presented in different manners. For
very detailed studies focused on short time scales and very speciﬁc
locations, plots of the particle Lagrangian trajectories might be use-
ful. Snapshots of the particle distribution or particle densities may
also provide interesting information.
In the case of longer term studies, such as ours, in which
more than 50,000 particles are released once a week during seven
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onths, some ways of summarizing the information in a formal sta-
istical framework would be preferable. In this sense, the Dispersal
ernel has been often used to describe the distribution of parti-
les. Dispersal kernels, deﬁned as the probability density function
hat relates particle distribution with the distance to the spawn-
ng ground (see Siegel et al., 2003 for 1D or Edwards et al., 2007
or 2D), vary with time for a certain release location (recall that we
ave remarked in Section 2.5 the importance of the release location
nd date on the ﬁnal fate of particle transport). The dispersal ker-
els for different spawning grounds form the connectivity matrix,
hich is also a typical way to show the results of Lagrangian studies
see Largier, 2003; Cowen and Sponaugle, 2009). In the connectivity
atrix, element Cij represents the probability that a larva spawned
t i is found in j.
In this study, we will mainly focus on the description of the par-
icle dispersal along time by means of the Dispersal kernel indices
escribed in Woillez et al. (2009). These indices, among others, have
lready been used in similar studies (see, for instance, Huret et al.,
010). In particular, we  focused on:
The center of gravity (CG), that characterizes the mean location
of the particles at a certain time.
The positive area (PA), that represents the sum of area units that
contain, at least, one particle.
The equivalent area (EA), which is the area that particles
would occupy if they were distributed at homogeneous densities
(EA = PA when particles are evenly spread at constant densities).
The coefﬁcient of variation (CV), which is the ratio of PA to EA.
CV =0 if EA = PA.
n addition to the indices of the dispersal kernel, we  have also cal-
ulated:
The percentage of particles that are transported offshore (under-
standing offshore as deeper than 200 m)  since this has been
suggested as an index of bad recruitment.
The mean concentration of zooplankton at the position of the par-
ticles inshore and offshore the 200 m isobath to have an idea onindividual at spawning along time.
the food conditions that particles would have experienced along
their trajectories.
• The percentage of particles that, being released in the Cantabrian
sea, end up south of 43N, as an idea of the connectivity between
the Cantabrian spawning ground and the Portuguese one, and
vice-versa.
Apart from these indices of dispersal and connectivity, some
snapshots on the particle distribution and density will be included
in order to provide information on the spatial patterns of eggs and
larvae close to the spawning peaks.
3. Results
3.1. Bottom or surface spawning
In this section we will show the results of the experiments
described in Section 2.5.1 that were designed to determine
whether sardine spawns at the surface or at the bottom. Fig. 8
top row shows the results for the section at the western coast of
Iberia (see Fig. 1), Fig. 8 mid  row represents section 6W and, ﬁnally,
Fig. 8 bottom row depicts the section at 45N. Four snapshots are
shown for each section: spawning time and the next twelve hours
in periods of 4 hours.
Focusing on the western Iberia section (Fig. 8 top row), already
after four hours of spawning all the eggs are homogeneously dis-
tributed in the whole water column due to the strong mixing
conditions that characterize the autumn/winter in the area (recall
that the simulation was  carried out the 27th of November). Regard-
less of the release position of the eggs (either at the surface or at
the bottom), in both cases the obtained proﬁles resemble the ones
that are shown in the literature for autumn-winter (e.g. Coombs
et al., 1985). In the north coast of Iberia (Fig. 8 mid  row) and the
French shelf (Fig. 8 bottom row), the spawning peak takes place
in spring, which is characterized by lower vertical mixing. Under
these conditions, it would take more time for the eggs released at
the bottom to reach the surface: at least 12 hours in the inner shelf
of north Iberia and 8 hours at the French shelf. The reason for this
difference between the Cantabrian and French shelves are the tides
that, in the last case, induce higher mixing.
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.2. Ecosystem model
Some results on the validation of the biophysical model
egarding the chlorophyll and zooplankton ﬁelds are included in
his section. We  recall that zooplankton, together with tempera-
ure, force the growth of sardine larvae.
Fig. 9 shows the comparison of the weekly averaged ﬁelds of sur-
ace chlorophyll-a (in mg/L) from MODIS with the corresponding
odelled surface chlorophyll. The blanks represent the cloud cov-
rage. The selected period ranges from the 22nd of March 2007 to
he 11th of April 2007, thus comprising the conditions at the begin-
ing of the Pelacus0407 cruise. It can be seen that during the ﬁrst
nd second weeks, high concentrations of chlorophyll are observed
t the western and northwestern oceanic and coastal areas of the
berian Peninsula, but not at the open ocean in the Cantabrian sea.
lthough mostly cloud covered, both the satellite and model maps
or the eastern Cantabrian sea seem to suggest that the bloom in
his area started the week between the 29th of March and the 4th
f April, extending the following week to the whole Cantabrian sea.
hese results show the model ability to reproduce the chlorophyll-a
patial and temporal variability at short time scales.
In order to explore how the model reproduces the interannual
ariability we introduce Figs. 10 and 11. Fig. 10 depicts at the top
ow the concentration of surface chlorophyll in mg/l measured at
elacus cruises 2006 and 2007. Each section of these cruises corre-
ponds to a different date, starting south of Galicia each year and
nishing south of France. The rectangle that is included in each plot
epresents the section measured the ﬁrst week of the cruise and
herefore the reader must focus on this area when comparing the
bservations with the model results. Fig. 10 bottom row show the
urface chlorophyll averaged over the ﬁrst week of Pelacus 2006–D) Galician section, (E–H) Cantabrian Sea section, (I–L) French section.
(between the 3rd of April and the 9th of April 2006, left plot) and
the ﬁrst week of Pelacus 2007 (between the 29th of March and the
4th of April, right plot). As can be seen, during the ﬁrst week of
Pelacus 2006 the concentration of chlorophyll decreases towards
the coast, whereas the ﬁrst week of Pelacus 2007 is characterized
by an increase in the concentration of chlorophyll to the coast.
Fig. 11 shows the concentration of zooplankton in mg  C/m3 mea-
sured during Pelacus 2006 and Pelacus 2007 (top row) and the
model results averaged in the same period as the previous ﬁgure
(bottom row). The concentration of zooplankton is high during the
ﬁrst week of Pelacus 2006 and much lower during Pelacus 2007.
By comparing the model results with the observations, we  can
conclude that the model reproduces reliably the interannual vari-
ability.
3.3. Results of the Lagrangian simulations
In this section we  will show the results of the simulations that
consider the phenomena listed in Table 1 and detailed in Sections
2.3 and 2.4.
3.3.1. Egg and larvae distribution
Plots of the horizontal distribution and density of eggs and lar-
vae (both at the early and late stages) are shown in this section.
In order to assure that each plot represents a certain stage, it is
necessary to know exactly when the transition from one early life
stage to the next (hatching and transition from yolk-sac to feeding
larvae) occurred. The considered biological model (see Section 2.4)
is able to track the egg development stage as a function of tem-
perature, and hence it is easy to determine when hatching occurs.
Moreover, yolk-sac larvae growth as a function of temperature is
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mig. 9. Weekly averages of surface chlorophyll-a in mg/L obtained from MODIS (top
elacus0407 cruise and the second week of the cruise.
onsidered, allowing for a quantiﬁcation of the larvae length and,
onsequently, for the determination of the moment when yolk-
ac larvae transform into feeding larvae (approximately at 4.5 mm
ength).Fig. 12 shows the mean age in days at which hatching (Fig. 12B)
nd the transition from yolk-sac to feeding larvae (Fig. 12C) occurs.
he moment when larvae reach a length of 17 mm is also rep-
esented (Fig. 12D). Three different release areas are considered
ig. 10. Top row: Concentration of surface chlorophyll-a (mg/l) measured during the 
hlorophyll-a (mg/l) averaged during the ﬁrst week of the cruise. The 100, 200 and 100
easurements during the ﬁrst week of the Pelacus cruises. an the model (bottom row) for the period ranging between the week before of the
in order to analyze the differences among spawning grounds. The
studied areas are depicted in Fig. 12A.
Focusing on the North of Portugal (blue line) and taking into
account that the spawning peak takes place between November
and February (see Fig. 6), it can be seen that the minimum duration
of the egg stage is 2 days, the earliest transition from yolk-sac to
feeding larvae occurs approximately 5 days after spawing and 26
days are necessary for larvae to reach 17 mm.  In the Cantabrian
Pelacus cruises 2006 and 2007. Bottom row: Modelled concentration of surface
0m isotbaths are included in the plots. The rectangle in each plot highlights the
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Fig. 11. Top row: Concentration of zooplankton (mg  C/m3) measured during the Pelacus cruises 2006 and 2007. Bottom row: Modelled concentration of zooplankton (mg
C/m3) averaged over the ﬁrst week of the cruise. The 100, 200 and 1000m isotbaths are included in the plots. The rectangle in each plot highlights the measurements during
the  ﬁrst week of the Pelacus cruises.
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tig. 12. (A) Areas of interest on the shelf. (B) Age at which hatching occurs. (C) Ag
each  a size of 12 mm.  The time axis represents the spawning date.
ea (green line) spawning mainly occurs between March and April
see Fig. 6). Minimum hatching age in this period of time is 2.5
ays, and larvae start to feed themselves 6 days after spawning the
oonest. More than 30 days are required for the larvae to increase
heir length up to 17 mm.  Interestingly, the eggs released at thehich the transition from yolk-sac to feeding larvae occurs. (D) Age at which larvae
Artabro Gulf (red line) during spring need a couple of days more
to reach the same stage of development than the eggs released at
the Cantabrian sea at the same time. This fact is a consequence of
the spring upwelling that leads to lower temperatures and hence,
lower growth rates.
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Fig. 13. Maps showing snapshots of the density distribution of particles released at the Portuguese spawning ground at the dates indicated in each ﬁgure. The 100, 200 and
1  distri
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l000  m isobath are represented. (A, D, G) Egg distributions, (B, E, H) Yolk-sac larvae
articles per model grid cell.
From the information above on the development duration it can
e concluded that, for both the Portuguese and Cantabrian spawn-
ng grounds, the distribution of eggs can be obtained by plotting
he distribution of Lagrangian particles 2 days after spawning, the
istribution of early larvae by plotting particles 5 days after spawn-
ng and 32 days after spawning the Lagrangian particles represent
ate larvae of more than 17 mm.butions and (C, F, I) Late larvae distributions. The density is measured as number of
Fig. 13 depicts the instantaneous distribution and density (mea-
sured in number of particles per grid cell) of eggs, yolk-sac larvae
and late larvae in West Iberia that are obtained after three dif-
ferent release dates along the autumn spawning peak: the 8th of
November 2006 (ﬁrst row), the 13th of December 2006 (second
row) and the 12th of January 2007 (third row). It can be seen that
egg and yolk-sac larvae remain conﬁned inshore the 200m isobath
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Fig. 14. Maps showing snapshots of the zooplankton distribution (in mg  C/m3) at the particle positions obtained 29 days (late larvae) after being spawned at the Portuguese
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or all the release dates (Fig. 13A, B, D, E, G, H). Differences between
elease dates are observed at the late larvae stage. In particular,
he particles released at the beginning of November 2006 remain
onﬁned on the shelf and are displaced northward (see Fig. 13C).
his fact is related to the dominant westerly/southwesterly wind
egime and the presence of the Iberian Poleward Current, which
as reported to be strong during this period of time ((Le Cann and
erpette, 2009)). Westward dispersion caused by a weakening of
he southwesterly wind regime is obtained for the larvae spawned
n mid-December (see Fig. 13F) or in mid-January (Fig. 13I). In the
rst case densities are still high on the shelf, whereas the larvae
pawned in January are more dispersed and aggregation on the
helf decreases, except at South Portugal.
Since sardine larvae mainly feed on zooplankton, we  present in
ig. 14 the concentration of modeled surface zooplankton (in mg
/m3) in NW Portugal at the same dates for which the late lar-
ae stages are represented in Fig. 13C, F and I. Only these maps
re shown because egg and yolk-sac larvae do not feed on exter-
al sources. In all Fig. 14A–C, the concentration of zooplankton is
igher at the inner shelf in this period of time, suggesting that con-
nement of larvae in this area would be favourable for survival
ue to retention and enrichment mechanisms (downwelling winds
ush Lagrangian particles inshore, the presence of river plumes
t this time enhance retention and production, the Iberian Pole-
ard Current (IPC) could contribute to conﬁnement, etc), which is
n accordance with Bakun’s triad (enrichment, concentration and
etention, see Bakun, 1996). These maps are also in agreement with
he ﬁndings of Santos et al. (2001) that correlate offshore trans-
ort of larvae during the spawning period to higher mortality and,
ence, low recruitment.
Focusing on the Cantabrian Sea, Fig. 15 shows the distribution
nd density of eggs, yolk-sac larvae and late larvae that results from
hree spawning dates along the spring spawning peak: the 14th of
arch 2007 (ﬁrst row), the 11th of April 2007 (second row) and the
th of May  2007 (third row). It can be seen that particles remain
onﬁned inshore the 200 m isobath during the egg and larvae stages
Fig. 15A, B, D, E, G, H). At the late larvae stages (Fig. 15C, F and
), there is a decreasing westward transport along the shelf from
arch to May, as well as an increased conﬁnement onshore. In all
he cases it seems that the westernmost part of the Cantabrian Sea is
ore affected by dispersion, since higher density aggregates occur
o the East. Moreover, the most important offshore transport takes
lace at 8W,  being maximum for the April release (see Fig. 15F), but
ecreasing in May  (see Fig. 15I).As for western Iberia, maps showing the availability of food for
the late larvae at the same time and position of the particles in
Fig. 15 C, F and I are included in Fig. 16A–C.
The particles released in March experiment a concentration of
zooplankton which is high in all the domain, except offshore the
Artabro Gulf and the western Cantabrian sea (see Fig. 16A). The eggs
spawned in April and May  are subjected to high concentrations of
zooplankton both inshore and offshore (the zooplankton bloom has
extended offshore in the whole domain), therefore food does not
seem to be a restriction (see Fig. 16B and C).
3.3.2. Dispersal kernel indices
In this section we  will show the results of the Dispersal Kernel
indices described in Section 2.7.
Figs. 17 and 18 show the trajectories of the Center of Gravity
(CG) after each release time each month from November 2006 (A)
to May  2007 (G) in the western coast of Iberia and the Cantabrian
Sea, respectively. Each ﬁgure contains one trajectory per release
date. During the spawning peak in the western coast of Iberia the
main circulation patterns transport particles northwards along the
shelf (see Fig. 17A). Although spring spawning is not as important
as autumn-winter spawning in this area (see Fig. 6), it is still signif-
icant. According to Fig. 17E-G there exists a net offshore transport
(southwestward displacement) caused by upwelling in this period
of time.
Focusing on the Cantabrian Sea (see Fig. 18), it can be seen that
the CG of the particles released during the spring spawning peak
remains conﬁned in the shelf (see Fig. 18E–G), except in April, when
it is transported northwestwards.
Fig. 19A shows the Positive Area (PA) that the particles would
occupy at the end of each simulation. The time axis refers to the
release date. Particles released in autumn-winter at the western
Iberia shelf (blue line, the represented areas are shown in Fig. 12A)
would be much more dispersed than those released during the
spring months, mostly because they are transported northwards
and then westwards alongshore, reaching the central part of the
Cantabrian Sea (see for instance Fig. 13C). The Equivalent Area (EA)
is also higher for the particles released at the Portuguese shelf dur-
ing these months, meaning that they are homogeneously dispersed
(see Fig. 19B). The existence of more homogeneous densities or, on
the contrary aggregates, is explained by means of the Coefﬁcient of
Variation (CV) (see Fig. 19C). According to this coefﬁcient, aggrega-
tion increases during the month of May  whereas the distribution of
particles is more homogeneous in autumn/winter. Fig. 20 shows the
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Sig. 15. Maps showing snapshots of the density distribution of particles released at
nd  1000 m isobath are represented. (A, D, G) Egg distributions, (B, E, H) yolk-sac lar
f  particles per model grid cell.
ercentage of particles that are transported offshore. It can be seen
hat offshore transport increases during the spring months in west-
rn Iberia as a consequence of the dominant upwelling dynamics.
V and offshore transport are positively correlated in this area.
From Fig. 21 we can see that, in general terms, the concentration
f food inshore is higher than offshore, although an offshore trans-
ort of larvae would not imply a dramatic decrease with respect
o the conditions on the shelf, except for the particles released at
he end of February/beginning of March. By comparing Fig. 21 with
ig. 20 we can see that the particles released from November to
anuary would mostly remain conﬁned to the coast. Food condi-
ions are only good in November, reaching the annual minimum
n December and January. In February, the concentration of zoo-
lankton increases inshore, but the particles are mostly transported
ffshore, where the food is scarce. From March on, although most
f the particles are transported offshore, the zooplankton concen-
ration still remains high.If we focus on the Cantabrian Sea, the PA is smaller in November
006, February 2007 and also during the spring spawning peak (see
ig. 19A), meaning that more conﬁnement characterizes this period
f time. The EA correlates quite well with the PA, meaning that
ig. 16. Maps showing snapshots of the zooplankton distribution (in mg C/m3) at the par
ea  coast at the dates indicated in each ﬁgure.antabrian Sea spawning ground on the dates indicated in each ﬁgure. The 100, 200
stributions and (C, F, I) late larvae distributions. The density is measured as number
dispersion was more or less homogeneous along time (see Fig. 19B).
The percentage of particles that are transported offshore is at mini-
mum values for most of the spring spawning peak (see Fig. 20). The
concentration of food is high on the shelf, although not signiﬁcant
differences are observed offshore (see Fig. 22).
In order to analyze the potential connectivity between spawn-
ing grounds, some results are presented in Fig. 23. Fig. 23 top row
depicts the percentage of larvae coming from the Atlantic spawn-
ing ground that are transported to the Cantabrian sea (eastwards
of 8W). As it can be seen, the transport from the Atlantic to the
Cantabrian occurs mainly from November to February, when north-
wards transport prevails in the area, affecting less than 7% of the
particles at most. Fig. 23 bottom row shows the transport of larvae
from the Cantabrian sea to western Iberia (south of 43N). The rate
of transport is higher than in the previous case, reaching more than
15% of the larvae in spring, when westwards currents are dominant
on the shelf in the Cantabrian sea.3.3.3. Egg and larvae survival
Egg mortality and larval mortality can be estimated a posteri-
ori from the model results. For eggs, a constant mortality rate was
ticle positions obtained 29 days (late larvae) after being spawned at the Cantabrian
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cig. 17. Trajectories of the CG for each release date in each of the simulated month
lue  dot. The 100, 200 and 1000 m isobaths are included.
ssumed (see Section 2.4.2). In Fig. 24 the percentage of eggs that
urvive in each of the zones is plotted. It can be seen that during the
ctual spawning season in Portugal, the faster maturation of eggs
esults in a higher survival, which is around 40%. Larval survival is
stimated a posteriori by comparing length-at-age in model results
ith lengths published in the literature (Section 2.4.2). In Fig. 25 the
ength of the particles at the end of the simulation (40 days after
pawning) is plotted against published length-at-age in Ré (2006).
he model estimates that larvae spawned on the Portuguese shelf
n autumn and in spring are likely to survive. In the Cantabrian Sea
nd the Artabro Gulf, survival is only analysed for larvae spawned
n spring.It must be highlighted that the comparison of modelled larval
ength after 40 days with published length-at-age is used as a con-
ition index to relate growth with mortality. We  do not intend to
ompute mortality, only to show how the biophysical model canhe western Iberia spawning ground. The initial release position is indicated with a
assist in exploring the potential effect of environmental conditions
in larval survival and, therefore, in recruitment.
4. Discussion
4.1. Using the biophysical IBM for understanding sardine
recruitment
Understanding the environmental factors that could have led
to the low recruitment in 2007 (see ICES, 2012) was  one of the
objectives of this study. Some of the sardine recruitment indices
that are proposed in the literature together with the model results
of the previous section were considered in order to carry out this
task. The three ELS periods in Section 2.1 are studied in detail in
the following.
L.M. García-García et al. / Fisheries Research 173 (2016) 250–272 265
Fig. 18. Trajectories of the CG for each release date in each of the simulated months in the Cantabrian Sea spawning ground. The initial release position is indicated with a
blue  dot. The 100, 200 and 1000 m isobaths are included.
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fig. 19. Indexes of the dispersal kernel related to the dispersion of particles along 
ormat  is YYMM.
.1.1. Inﬂuence of the spawning period conditions (eggs and
olk-sac larvae) on 2007 recruitmentA high Spawning Stock Biomass (SSB) does not ensure a good
ecruitment (Cushing, 1996), because of the high and variable
ates of mortality of the ELS. In fact, several examples exist (see,
or instance, ICES, 2014) in which high sardine SSB leads to low(A) positive area, (B) equivalent area and (C) coefﬁcient of variation. The time axis
recruitment and viceversa. For this reason, recruitment analysis are
focused on the ELS rather than on the abundance of spawners.Sardine survival strategy in West Iberia seems to be based on
spawning at periods of low offshore transport (autumn/winter) to
maximize retention and ensure feeding for larvae (Cushing, 1983;
Roy et al., 1989). High river runoff in North Portugal is associated
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Fig. 20. Percentage of particles transported offshore. In this case, the red line comprises the Cantabrian Sea and the Artabro Gulf areas of Fig. 12A. The time axis format is
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Fig. 21. Mean concentration of zooplankton at the position of the particles released
at  western Iberia. Top row: at the position of the particles that remain inshore the
200  m isobath, Bottom row: at the position of the particles that are transported
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Fig. 22. Mean concentration of zooplankton at the position of the particles released
at  the Cantabrian sea. Top row: at the position of the particles that remain inshoreffshore.
ith the development of the Western Iberia Buoyant Plume (WIBP,
eliz et al., 2005) whose nutrient rich waters sustain high levels
f primary production even in autumn/winter. Moreover, it con-
ributes to vertical retention, constituting in this way a suitable
abitat not only for sardine adults but also for larvae (see Zwolinski
t al., 2010 and references herein). The presence of the Iberian
oleward Current (IPC) during autumn/winter has been identi-
ed as another mechanism of enhancement of biological material
etention in coastal zones (see, for instance, Santos et al., 2004).
onsequently, under these hypotheses, recruitment has been nega-
ively correlated to upwelling events, and hence offshore transport,
uring the spawning season (Santos et al., 2001).
Fig. 20 shows that offshore transport is at minimum level durign
utumn-winter 2006/2007 at the Portuguese coast, indicating that
etention dominates during the spawning season. Indeed, the fresh
ater input during autumn/winter 2006/2007 was high and the IPC
as intense, registering a strong penetration in the Cantabrian SeaLe Cann and Serpette, 2009).
The spring spawning peak in the Cantabrian Sea coincides with
inimum values of offshore transport (see red line in Fig. 20).the 200 m isobath, Bottom row: at the position of the particles that are transported
offshore.
Therefore, bad recruitment does not seem to be related to the envi-
ronmental conditions during the spawning season.
4.1.2. Was  there enough food available for self-feeding larvae?
Fast larval growth, which mainly depends on food availability
and temperature, has been related to lower mortality (Miller et al.,
1988), giving way to strong year classes (recruitment success). In
the model employed in the present study, Eq. (8) accounts for lar-
vae growth, and therefore Fig. 12 D includes the effect of the most
important constraints: temperature and zooplankton availability.
We can see that the autumn/winter 2006/2007 spawning at the
Atlantic coast (blue line) resulted in larvae that grew faster than the
larvae spawned during the rest of the simulation period. In fact, the
results of the model show that during the autumn 2006 larvae reach
a size of 17 mm approximately 4 days earlier than larvae spawned at
the Cantabrian during the Spring spawning peak (April 2007). This
difference is related, on the one hand, to the warm water tempera-
tures registered in autumn 2006 as a consequence of the strong IPC
that transports warmer subtropical waters and, on the other hand,
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Fig. 23. Top row: Percentage of particles that, being released in western Iberia, end
up in the Cantabrian sea. Bottom row: Percentage of particles that, being released
in  the Cantabrian sea, end up in western Iberia.
t
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(North Portugal and Galician Rias) was  much lower than in 2007.Fig. 24. Percentage of eggs that survive.
o the fact that larvae remain mostly conﬁned inshore where there
as food available (see Fig. 21).
Although the larvae that result from the spring spawning peak
n the Cantabrian Sea (red line in Fig. 12B) grow at lower rates than
Fig. 25. Mean and maximum length of saresearch 173 (2016) 250–272 267
those spawned in the Atlantic coast, their growth rate increases
with time as spring advances due to seasonal rise in temperature
and food. In areas where offshore transport is important, larvae
starvation is not expected since signiﬁcant zooplankton concen-
trations are observed at the open ocean around the spring peak
(see Fig. 22).
The conclusion that arises from the comments above is that the
study period was favorable for larval growth, at least close to the
spawning season.
Recruitment of the Atlanto-Iberian sardine stock mostly occurs
off the northern coast of Portugal during summer and autumn (see
ICES, 2000; Porteiro and Pestana, 1997). Results so far suggest that
the low recruitment of year 2007 cannot be easily linked to actual
environmental conditions around the respective spawning peaks
that year in western or northern Iberia. Indeed, all the conditions
seem to be favourable (see also Figs. 24 and 25). Therefore, the
summer and autumn period of year 2007 should be analysed to
explain the unsuccessful recruitment of that year. For this reason,
we have extended our discussion to the late larvae/early juveniles,
which are the most abundant sardine stages at this period of the
year.
4.1.3. The environmental conditions during the late larvae/early
juvenile stages and their effect on 2007 recruitment
Weekly averaged modeled SST maps from mid  August 2007 to
the beginning of November 2007 are shown in Fig. 26 in order to
assess the prevailing environmental conditions during this period.
Intense upwelling was  recorded in North Portugal and western
Galicia during July (not shown) and August of that year, and on
the northwestern waters of the Iberian Peninsula from September.
In the Cantabrian Sea there was  no upwelling during the months
of July and August. A change in the wind regime occurred in
September, leading to weak upwelling, that became more intense
during the months of October and November.
It is reasonable to assume the availability of food in NW Iberia
during the months of July and August 2007, owing to the strong
upwelling in this area. On the contrary, the absence of upwelling in
the Cantabrian Sea would have lead to less food availability. Weekly
averages of zooplankton model results have been spatially aver-
aged in the whole domain and in different areas of interest inshore
the 200m isobath (see these areas in Fig. 12A). The results are shown
in Fig. 27 for years 2006 and 2007. Fig. 27A shows that the produc-
tion of zooplankton was very similar in the whole domain for years
2006 and 2007, showing a peak in May–June. However, differences
between years and among areas are observed in Fig. 27B–E. For
instance, it is clearly seen that in 2006 production in western IberiaNot many differences are observed between years in the Artabro
Gulf and the Cantabrian Sea, except for the fact that the produc-
tion is lower in 2007 in the Cantabrian Sea during July and August,
dine larvae after 40 days simulation.
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eaning that less food was available for sardine larvae and ﬁsh, as
e expected.
More food availability in the North Portuguese shelf (the
ost important area for recruitment of Iberian sardine, see for
nstance Silva et al. (2009)) in the summer of 2007 with respect
o 2006 (another year of failed recruitment) could mean that the
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Fig. 27. Weekly averages zooplankton concentration per area duribtained from the model for the summer/autumn 2007.
conditions for recruitment were better in 2007. Indeed, recruitment
was slightly better in 2007 than in 2006 (see ICES, 2012), but it was
still a very week year class. In order to explore the causes of this
recruitment failure, we analyzed the mean monthly domain aver-
ages of Advanced Very High Resolution Radiomenter (AVHRR) SST
(NASA’s PODAAC) in the period 1989–2009 and compared these
01 02 03 04 05 06 07 08 09 10 11 12 01
0
0
0
0
0
0
Month
B) North Portugal
2006
2007
08 09 10 11 12 01
th
abro
2006
2007
01 02 03 04 05 06 07 08 09 10 11 12 01
0
20
40
60
80
100
Month
Zo
o 
co
nc
en
tr
at
io
n 
m
g/
m
3
E) Cantrabrian Sea
2006
2007
ng 2006 and 2007. The speciﬁed areas are shown in Fig. 12A.
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Fig. 28. Monthly averages of AVHRR SST and weekly averages of m
alues with the monthly domain averages of AVHRR SST for 2007.
he modeled mean weakly domain averages of SST for 2007 were
lso calculated and all these data were plotted in Fig. 28A. The
VHRR SST for years 2000 and 2004 (years of good recruitment)
nd 2006 (year of recruitment failure) are also included in these ﬁg-
res for the purpose of illustration. The same results as in Fig. 28A,
ut averaged over the areas shown in Fig. 12 A are depicted in
ig. 28B–E.
Fig. 28A shows that the winter of 2007 was warmer in the whole
omain than the average, and the summer was colder than the aver-
ge and the coldest of the represented years. The model results are
n good agreement with the observations. If we focus our atten-
ion on the North Portuguese shelf (Fig. 28B), we  can see that the
ifferences between the averaged temperatures and the ones cor-
esponding to the months of July and August 2007 reach values of
ore than 1C lower, being the highest difference in all the stud-
ed areas for the Summer. The areas of the Artabro Gulf (Fig. 28D)
nd the Cantabrian Sea (Fig. 28E) present the lowest temperature
alues during the month of September, being the difference with
espect to the mean close to 2C lower.
The anomalous low temperatures registered in July–August
007 in western Iberia and in September 2007 in NW and N Iberia
ould have negatively affected the survival of sardine larvae and
uveniles in two different ways. First of all, by limiting primary
roduction and hence, food availability. As a matter of fact, phyto-
lankton growth decreases at lower temperatures, being this effect
ransmitted through the food web. Some examples are especially
vident in the concentration of zooplankton, that experiments a
harp decrease in September 2007, in the Artabro Gulf (Fig. 27D)
nd in the Cantabrian Sea (Fig. 27E) as a consequence of the temper-
ture drop. Even if enough food is available, as seems to be the case
n North Portugal in summer 2007 (Fig. 27A), there exists another
echanism by which recruitment could have been affected by the
ow registered temperatures. We  refer to the effect of tempera-
ure on the physiology of larvae, whose growth rate decreases with
ecreasing temperature (see Eq. (6)).08 09 10 11 12 01
th
01 02 03 04 05 06 07 08 09 10 11 12 01
Month
d SST for 2006 and 2007. The speciﬁed areas are shown in Fig. 12A.
Apart from the physiological arguments discussed above, the
lack of recruitment in 2007 could also be attributed to advective
processes. We  propose two combined effects:
• The sustained upwelling in W and NW Iberia during sum-
mer/autumn could have caused strong currents that lead to the
transportation of larvae offshore (see Fig. 20) where food avail-
ability is scarce during this period of the year (see Fig. 17), at
least at the depths at which sardine larvae are known to migrate
according to data (Fig. 4). Moreover, these strong currents might
have obstructed the return to the shelf of any juveniles eventually
located offshore.
• Since recruitment in the Cantabrian Sea has historically been
very low (Carrera and Porteiro, 2003; Silva et al., 2009), some
hypothesis suggest that the spawning in the Cantabrian Sea could
contribute to recruitment off North Portugal by means of the
westwards advective transport of the prevailing winds in this
season (upwelling favourable winds in spring/summer). The con-
ditions in the Cantabrian Sea during summer 2007 were not
favorable for the westward transportation of eggs/larvae (at the
beginning of the summer retention dominated, and since August
northwestward transport prevailed (see Fig. 18). Therefore, if this
mechanism plays a role in the success of recruitment on the west-
ern coast, the contribution of the Cantabrian Sea spawning might
have been negligible this year.
Although as discussed, the biophysical model provides insight
on recruitment by describing variability in the environment affect-
ing early life stages (eggs, larvae, and juveniles), only one low
recruitment year has been simulated in this study. The last year
of recruitment success in the area was  2004. From June 2005, the
MERCATOR PSY2 conﬁguration started assimilating SLA, SST and
in situ proﬁles (not only SLA), which resulted in an improvement
of the boundary forcing (Lellouche et al., 2006). The skill of the LTL
model employed in this work is lower for the year 2004 than for the
years 2006–2007. Consistency in the physical model is necessary
2 eries R
f
t
r
4
w
l
o
i
t
a
p
t
t
F
l
r
d
o
P
t
a
w
C
l
w
f
a
t
t
s
s
e
p
e
a
i
S
y
i
I
s
w
t
f
i
t
s
n
p
m
a
t
d
s
n
s
w
C
s
C70 L.M. García-García et al. / Fish
or isolating the impact of circulation on recruitment and therefore,
he simulation of ELS of sardine in years of contrasting high and low
ecruitment has not been undertaken.
.2. What can we learn about the Ibero-Atlantic sardine stock
ith the biophysical ELS model?
A numerical model is a tool for assessing the transport of early
ife stages between neighbouring regions. Additionally, the results
f the biogeochemical model provide information on the variability
n potential food for sardines.
The results of the analysis of the dispersal kernel indices show
hat the CG stays in the spawning area for both northern Portugal
nd the Cantabrian Sea spawning grounds during the spawning
eaks, being the offshore transport at minimum values during
his period of time. As described in Section 3.3.2, the concentra-
ion of food always remains at higher values on the shelf (see
igs. 21 and 22), although an offshore transport would not mean
arvae starvation, since the concentration of zooplankton offshore
emains high around the spawning peak. Fig. 25 shows that the con-
itions of temperature and food are favourable for a higher survival
f the larvae spawned during the corresponding spawning peaks in
ortugal and the Cantabrian sea. In this sense, our results suggest
hat spawning during these periods in the two areas could be a suit-
ble strategy for maximizing survival. However, longer simulations
ould be required to have stronger evidences on this fact.
According to Carrera and Porteiro (2003), sardine from the
antabrian Sea and from western Portugal form two  local popu-
ations linked by westwards and northwards migration to Galician
aters. Information on the connectivity at the ELS between dif-
erent areas is also an interesting result of the whole Lagrangian
ssemblage (Figs. 13–16 and 23). From Figs. 20 and 23 we  see
hat although the offshore transport is at minimum values during
he spawning peaks, there exists an alongshore transport of larvae
pawned in Portugal to the Cantabrian sea and vice-versa for some
pawning periods. While larvae transported to the Cantabrian Sea
nd up in a cold area with limited food, sometimes larvae trans-
orted to the northern Portuguese shelf from the Cantabrian Sea
nd up in a favourable environment in the northern Portuguese
rea. This is an indication that there is potential larval connectiv-
ty among the sardine population that spawns in the Cantabrian
ea and the northern Portuguese shelf, although it will vary among
ears. It must be noted that the egg production in our simulations
s taken from Bernal et al. (2011) and does not vary between years.
n years of reduced population size, larval connectivity would be
maller and recruits will stay in the area where they are hatched,
hile if egg production is high, larval connectivity could be impor-
ant, especially if environmental conditions that year are favourable
or larval transport.
Our analysis of environmental conditions and of larval dispersal
llustrate that there is potential connectivity of larvae between
he Cantabrian Sea population (VIIIb) and the northern Portuguese
helf population (Ixa). However, in the case of pelagic ﬁsh, con-
ectivity between populations does not only occur at the larvae
hases, but also at the juvenile and adult stages due to feeding
igrations. Indeed, Carrera and Porteiro (2003) has reported that
t high population sizes, sardine spawning grounds and distribu-
ion areas extend over the whole continental shelf and the adults
isplay feeding migrations to the upwelling area off Galicia. Our
imulations illustrate how the seasonal upwelling off Galicia and
orthern Portugal offers an environment where food is available for
ardine, which therefore could migrate there. Additionally, east-
ards currents in the Cantabrian Sea would favour the migration.
arrera and Porteiro (2003) also put forth that at low population
izes a reduction in the mobility of adult sardines between the
antabrian sea and Galicia is expected. The differential isotopicesearch 173 (2016) 250–272
signatures found by Bode et al. (2007) in an analysis of nitrogen
stable isotopes in plankton and pelagic consumers are consistent
with the low mobility of sardines during periods of low population.
There are several studies that suggest that sardine in the Iberian
Atlantic area is a metapopulation. In this study, a biophysical model
provides insight on the potential mechanism favouring connectiv-
ity among populations in this highly variable environment.
5. Summary and conclusions
In this manuscript, we  have described the biophysical model
for simulating sardine ELS and we have tried to illustrate how the
model can be used for assessing the effect of the environment on
recruitment, which is a process that results of the interaction of the
environment with ELS over an extended period. Additionally, since
in this area there are two  different spawning grounds that could
be associated with two  eventually different populations, we have
tried to show how the model can be used for giving insight on stock
connectivity and therefore can contribute to stock delineation.
The approach followed in this paper presents some weaknesses
and strengths with respect to its main objectives:
• Recruitment is a complex process which constitutes one on the
main open questions in ﬁsheries science. For instance, a recent
review by Santos et al. (2011) shows the limitation of classical
techniques in use in ﬁsheries science owing to the uncertainties
in the timing of the potential impact of environmental vari-
ables on the early life stages of sardine. The same author states
that spawning stock biomass is a measure of potential recruit-
ment but the variability of environmental factors can ultimately
constrain the abundance of recruits. An indication that environ-
mental effects are the main drivers behind recruitment success
in this species adapted to this highly variable upwelling area is
the evidence in the time series that large recruitments can be
produced by very low spawning biomasses (e.g. in 2000, ICES,
2014). To this respect, the biophysical model used in the present
study provides a way forward for giving insight on recruitment,
since it is able to describe variability in the environment affect-
ing early life stages (eggs, larvae, and juveniles). Moreover, it
has shown promising insight into the life-history strategy of
sardine by predicting faster growth and maturity in northern
Portugal and the Cantabrian Sea during their actual spawning
period (October–April and March–April, respectively).
• When analyzing the connectivity of sardine populations, a
Lagrangian model such as the one presented in this paper is not
able to reproduce the migration of juveniles and adults. How-
ever, the biophysical model is able to characterise the variability
of environmental conditions and therefore can be used to shed
some light on the possible environmental mechanisms favoring
ﬁsh migration and their feeding and survival.
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